INTRODUCTION
It seems likely that hyperthermophilic archaea occupy positions near the root of the phylogenetic tree of life. However, there is still some debate as to whether life originated in hyperthermophilic conditions. 1-3 Nevertheless, life has adapted to many niche temperatures. Of these, the high temperature niche is the most puzzling to explain from a thermodynamic perspective, due to the increased thermal disorder that favors denatured or unfolded states. In addition to insights into fundamentals of protein stability, the discovery of thermostable variants of many enzymes has led to many practical applications. 4 Understanding how these variants achieve thermostability could lead to new ways to design proteins for greater thermostability, among other applications.
Inspired by recent work examining protein structures from a range of environmental temperatures from mesophiles to hyperthermophiles 5 we wanted to examine the overall shape and structural features of these proteins using recent advances in protein shape analysis. Additionally, we wanted to perform a more detailed analysis of structure at the residue level. With the ongoing determination of structural data on many homologues from various thermophiles and mesophiles, such overall structural differences can now be examined with increasing statistical resolution.
Many structural features that could lead to increased thermostability have been examined previously, and diverse factors have been found to differ between thermostable proteins and mesostable proteins with varying degrees of significance. The picture is further complicated when considering the extremity of the temperature (thermophiles vs. hyperthermophiles) 5,6 and the evolutionary background of the organism-ancient (original?) thermophiles vs. acquired themophilicity. 7 Structural factors that have been studied include increased hydrogen bonding in thermostable proteins, 7-12 an increase in the frequency of ion pairs and electrostatic contributions in thermostable proteins 5,6,9-16 and an increase in the amount of certain apolar contacts. 17 Differences in unfolding have been studied by various methods 7,18 including differences in rotamer states. 5,16 Also the differences in solvent exposed surface area have been 
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Organisms evolved at high temperatures must maintain their proteins' structures in the face of increased thermal disorder. This challenge results in differences in residue utilization and overall structure. Focusing on thermostable/mesostable pairs of homologous structures, we have examined these differences using novel geometric measures: specifically burial depth (distance from the molecular surface to each atom) and travel depth (distance from the convex hull to the molecular surface that avoids the protein interior). These along with common metrics like packing and Wadell Sphericity are used to gain insight into the constraints experienced by thermophiles. Mean travel depth of hyperthermostable proteins is significantly less than that of their mesostable counterparts, indicating smaller, less numerous and less deep pockets. The mean burial depth of hyperthermostable proteins is significantly higher than that of mesostable proteins indicating that they bury more atoms further from the surface. The burial depth can also be tracked on the individual residue level, adding a finer level of detail to the standard exposed surface area analysis. Hyperthermostable proteins for the first time are shown to be more spherical than their mesostable homologues, regardless of when and how they adapted to extreme temperature. Additionally, residue specific burial depth examinations reveal that charged residues stay unburied, most other residues are slightly more buried and Alanine is more significantly buried in hyperthermostable proteins.
examined. 5, 6, 9, 11, 12, [19] [20] [21] Van der Waals interactions, the amount of packing, and the number and size of cavities have been examined but lead to conflicting conclusions. 7, 10, 11, 16, 22 This is only a brief review of the structural features examined on multiple sets of protein pairs; Many other features have been examined, but only on single pairs of protein structures or by sequence based analysis.
Surprisingly, there has been no definitive study of overall shape and geometry differences, such as sphericity, arising from environmental temperature differences. This work addresses this by examining the overall geometric structure of thermostable proteins. In addition, we perform a finer resolution analysis of surface exposure. Previous work 6,9,19,20 examined the solvent exposed surface area changes per atom type, residue, or residue group. Some studies examined just the nonpolar exposed surface area changes 5 or the differing counts of residues that were exposed or buried according to a cutoff of solvent accessible area. 11 Only one previous study accounted for the overall shape changes by correcting the surface areas examined. 12 In this study, we not only identify residues that are buried, but we examine how deeply they are buried, using the distance to nearest point on the protein surface, or ''burial depth.'' We also use travel depth 23 to examine the overall structure of the pockets and clefts of the proteins. Combined, these two depth measures provide complementary measures of how spherical the proteins are, if they are closer to ideal spheres or if they have more indentations, dimples and clefts.
We use a collated data set 5 which contains homologous structures from both mesophiles and several kinds of thermophiles. Both moderate thermophiles (458C-808C) and hyperthermophiles (above 808C) are examined. Additionally, we break the class of hyperthermophiles into two subsets, the Ancient hyperthermophiles that have been hyperthermophiles for their entire evolutionary history, 24 and Recent hyperthermophiles like Thermotoga maritima that only recently became hyperthermophiles. 3, 25 This follows the lead of previous work where a similar split in the class of hyperthermophiles was used. 7
METHODS

Data collection
We use the recent data set of Greaves and Warwicker 5 that contains pairs consisting of a thermostable protein and a homologous mesostable protein. We use primarily the ''67'' set of data since these structures have pairs with chain lengths differing by 30 residues or less. Only such similarly sized structures are appropriate for most shape analysis. We do, however, use the larger ''291'' set for some additional analyses that do not depend on overall protein size. We examine both the moderate thermophiles and hyperthermophiles, and in addition we examine two subsets of the hyperthermophiles, the Ancient and Recent. The only organism in the dataset known to have recently adapted to extreme high temperatures is Thermotoga Maritima. 3,7,25 To be counted as recent in our analysis, the protein must be from T. maritima, additionally it must not be from an Archaeal lateral gene transfer. 25 Each protein from T. maritima in the 67 set 5 has closest relatives from other bacteria and is therefore presumably not from lateral gene transfer from an already hyperthermophilic archaea. There are 12 pairs in the Recent-mesophile set, and 18 pairs in the Ancientmesophile set, for a total of 30 pairs in the combined hyperthermophile-mesophile set. There are 37 pairs in the moderate thermophile-mesophile set.
Files of single domains as specified 5 were downloaded from the Protein Data Bank. 26 In the case of multiple NMR structures, the structure closest to the average structure was used as representative of the set. All waters were removed from crystal structures. Hydrogens are assigned a radius of zero in our van der Waals radii set, 27 effectively ignoring them for all analyses. A 1.8 Å probe radius was used for all packing, surface construction, travel depth, burial depth analyses, as this is consistent with a water sphere. For the burial depth and travel depth analyses cavities are removed after surfaces were constructed.
Packing
Protein packing can be calculated by using the Voronoi construction. 28-33 A Voronoi cell is defined as the volume that is closer to the given atom (or point in the more general sense) than any other atom. 34,35 Defining the packing as the percentage of the volume of the Voronoi Cell filled by the van der Waals volume of the atom, packing is well-defined for completely buried or interior atoms. However, surface atoms have infinite Voronoi cells which must be restricted if a meaningful measure of their packing is to be computed. Methods of ''capping'' the Voronoi cells of surface atoms include using the molecular surface as the bounding volume 36 or using crystallographic waters. 29,32,33,37 Availability of sufficient crystallographic waters to cap depends on the resolution of the structure and how it was refined. Moreover, waters are entirely absent from NMR determined structures. For these reasons we decided to analyze surface and buried atoms separately. For the former we used the solvent accessible surface of each atom to generate the Voronoi cell capping. The solvent accessible surface is generated from van der Waals radius plus probe radius, so it lies a constant distance from the atom regardless of protein shape. However, this method of capping is somewhat arbitrary, as are other methods used to determine the packing of surface atoms. For this reason, in detailed comparisons of packing, we believe it is more reliable to use just the interior atoms, which are bounded on all sides by identically defined and generated surfaces.
Travel depth
Previously, travel depth was established as a useful measure of depth of the molecular surface for examining pockets and ligand binding sites as well as the overall depth of the surface. 23 Travel depth is defined as the minimum distance from any surface point to the convex hull avoiding the protein interior, and is calculated using the Multiple Source Shortest Paths (MSSP) algorithm. 38 The original implementation has been improved for speed, flexibility and additional features. 39
Burial depth
Atom burial depth has been used several times previously to analyze protein structure, although somewhat varying definitions exist in the literature, depending upon the exact implementation and desired use 40-45 see the review of Pintar et al. 46 However, no measure of burial depth has previously been applied to analyzing differences in thermostable and mesostable structures. A closely related method uses burial and counting nearby hydrophobic residues to discriminate native folds from decoys. 47 Another related concept is that of centrality or closeness of a graph connecting nearby atoms, used in various applications 48-52 Atom burial depth is defined here as the distance of the atom to the nearest point on the molecular surface. It is most efficiently calculated by starting from the molecular surface and labeling sequentially deeper points into the protein interior, using the same MSSP algorithm as for travel depth. 23, 39 Interatomic distances, Waddell sphericity, convex hull volume
We also examined several other shape metrics to see if they could discriminate between thermostable and mesostable proteins. The first was the mean interatomic distance. In principle this could be sensitive to how spherical and well-packed the folded structure is, with the advantage that it is exceptionally simple to compute, requiring only atomic coordinates, not the protein surface. The second metric was the convex hull volume, which would be larger if the protein structure is more spread out, or less ''compact'' at the larger, molecular scale. We note that compact is a pervasive yet ambiguous term in the literature on thermostable proteins. It has been used to refer to the efficiency of packing as measured by a Voronoi or similar analysis. It has also been used to refer to the number of contacts of a certain type, for instance hydrogen bonds, van der Waals contacts, etc. Finally, it could refer to the extent of a protein, how ''splayed out'' it is. Here we use compactness only in this sense, as defined by the convex hull volume. All other usages can be replaced by better terms.
The third metric, used previously to evaluate roundness of rocks and crystals, is Wadell Sphericity, 53 a dimensionless ratio of volume and surface area designed to have an upper bound of 1 (perfectly spherical), and decreasing to 0 the further from perfectly spherical the shape is. The formula for this ratio is given by Eq. (1) and it was calculated exactly from our triangulated molecular surfaces.
A ð1Þ
Statistical tests
Statistical significance is evaluated by permutation testing, by randomly switching (or not switching) the labels on each thermostable and mesostable pair and recomputing the difference in means of each metric across each category, and evaluating if the original difference is extremal to each permuted difference. 54 We used two individual one-tailed tests, meaning the permuted means found are checked to see if they are less than or greater than the original. In all cases the lower P-value is reported. Each statistical test reported was done using 1,000,000 permutations in the case of overall tests and 10,000 permutations in the case of residue-specific tests. Importantly, in residue specific tests, the overall difference in means was used as a correction factor to the difference in means when analyzing which residues become more buried or unburied. A standard threshold of 0.05 was used as a cutoff for significance.
RESULTS
Packing, mean distance, convex hull volume and Waddell sphericity
The packing analysis was performed on each atom in each structure, the results were separately accumulated over either all buried or all surface atoms in each protein and the mean of these numbers and the combined mean over all atoms was used to evaluate significance. Packing of recent and ancient hyperthermostable proteins is compared with their mesostable counterparts in Figure 1 for the buried atoms. The results are summarized in Table I for the various thermostable categories compared to their mesostable counterparts. No significant differences were found in packing of interior atoms for any thermostable set. Surface atoms, however, are significantly more tightly packed in both the ancient and combined hyperthermostable proteins.
The mean of the interatomic distance was computed across all heavy atoms, the results between the various thermostable proteins and their matched mesostable proteins are summarized in Table I and the results for the hyperthermostable categories are shown in Figure 2 . No significant differences were found for any thermostable set. The convex hull volume, a metric for the overall extent of the protein also showed no significant difference in any category (Table I .)
The Wadell Sphericity 53 of each protein surface was computed by calculating the area and volume of the triangulated surfaces, and the dimensionless ratio given by Eq. (1) computed. The results are shown in Figure 3 and summarized in Table I . Hyperthermostable proteins are significantly more spherical than their mesostable counterparts. No difference is found for moderate thermostable proteins.
Wadell Sphericity is size independent so the analysis was also conducted on the ''291'' set. 5 The difference in mean Wadell Sphericity between the 144 pairs of hyperthermostable-mesostable structures was 0.035, with P 0.001. These results indicate that in the larger set of hyperthermostable proteins, they too have become more spherical.
Travel depth and burial depth
The travel depth analysis was conducted on each protein structure. The mean travel depth, T av , was computed by averaging over all surface points as described previously. 23 This mean was used to compare the various thermostable categories with their mesostable homologues, the results are shown in Figure 4 and summarized in Table I . Hyperthermostable proteins have significantly smaller values of T av , indicating a less convoluted surface. As the maximum depth of a pocket is limited by the linear dimensions of the molecule, variation in size of proteins potentially complicates the interpretation of average travel depth. The volume of the protein is closely proportional to the number of heavy atoms, H, so H 1/3 provides a convenient measure of the average linear dimension of the molecule. Indeed Figure 5 shows that on average, travel depth increases linearly with the linear extent of the protein, for mesostable, thermostable, and hyperthermostable proteins. The scaled average travel depth, T av / H 1/3 thus provides a good measure of the relative roughness of the molecule, in a fractal sense, as shown before on a larger class of small molecule binding proteins. 23 Differences in scaled average travel depth, T av /H 1/3 , are summarized in Table I , and are also significantly smaller for both hyperthermostable categories.
The Mean burial depth of all atoms in each protein structure was computed and the results are summarized in Table I . Atoms are significantly more deeply buried in hyperthermostable proteins, by slightly more than a tenth of an Angstrom. This is a very small difference, but it is an average over a large number of atoms, and it is statistically significant. The consistently deeper burial of atoms Thermostable Protein Shape and Evolution in hyperthermostable proteins is made more evident in complete histograms of burial depth accumulated over all atoms types, shown in Figure 6 . The histogram for both hyperthermostable classes is consistently shifted to the right, indicating greater burial depth. This rightward shift is even clearer in the cumulative difference histogram. If just the C b atom of each residue (C a for glycine) is used for the burial depth analysis, very similar histograms, means, and P-values result. So for this kind of analysis the single atom burial is a good proxy for that of the entire residue. Both smaller mean travel depths, and greater mean burial depths in hyperthermostable proteins indicate a more spherical shape in hyperthermostable proteins as compared to mesostable proteins. This is illustrated graphically for an ancient hyperthermostable-mesostable matched pair of protein structures of phosphoserine phosphatase in Figure 7 . The molecular surface on the left is colored by travel depth, while the right hand bond representation is colored by burial depth. The hyperthermostable protein (upper panels) clearly has more red colored (shallow) surface, and more red colored (deeply buried) atoms.
As the size scaled travel depth metric, T av /H 1/3 , largely removes the effect of protein size, one can compare mesostable and thermostable proteins that differ substantially in size, for which there are more proteins to compare. This metric was applied to the substantially larger ''291'' set of 144 hyperthermostable-mesostable pairs, 5 and the results are shown in Figure 8 . While there is considerable scatter, the data again show that hyperthermostable proteins have significantly shallower surfaces, as can be seen in the linear trendlines. By analyzing the means of the ratios T av /H 1/3 , a statistical analysis was performed, resulting in a P-value of 5.6 3 10 25 indicating that the differences are significant. To check the sensitivity of the burial depth and travel depth analysis to slightly different structures, we ran the analyses on a complete set of NMR structures forming one hyperthermostable-mesostable pair. The structures chosen were PDB codes [PDB:1JDQ] and [PDB:1JE3]. 58 Each had 20 models. The mean burial depth had standard deviations of only 0.017 Å for both the hyperthermostable and mesostable protein. As the mean difference in burial depth from Table I is nearly ten-fold greater, this indicates that the burial depth analysis is not very sensitive to changes in which NMR structure was used. The mean travel depth had standard deviations of 0.24 Å and 0.13 Å for these two molecules, which is smaller than the difference in means (0.5 Å ), also showing that travel depth is also not very sensitive to which NMR structure is used. Use of a single NMR structure out of the complete set of models seems reasonable.
The differences in burial depth of each specific residue type were also examined by comparing burials of the C b atom (C a for Glycine). Results are shown in Figure 9 for each of the 4 thermostable-mesostable classes. P-values for these individual residue burial differences were calculated by permutation, as described in the methods section. In computing the P-values, computed mean burial differences we first corrected by subtracting the difference in mean burial depth of C b atoms (C a for Glycine) over all residue types as described earlier. These corrections were 0.028, 0.13, 0.135, and 0.126 for the moderate thermostable, hyperthermostable, recent and ancient classes respectively. Residues with significant differences (P < 0.05) are indicated by their P-values on the figure.
The hyperthermostable-mesostable dataset has the largest amount of significant differences as shown in Figure  9 (b). Alanine shows the largest change and is significantly more buried in hyperthermostable proteins as shown in detail in Figure 10 . Cysteine, Tryptophan, and Valine show large trends to being more buried, but these changes are not statistically significant according to the analysis, after correcting for overall depth differences. Six residues are less buried in the hyperthermostable proteins. Given that the correction factors are all positive (all residues on average are more buried in hyperthermostable proteins) it would be more correct to say that these six residues stay unburied in hyperthermostable proteins while all other residues get slightly more buried and alanine is much more buried. These 6 residues are the 4 charged residues (Aspartic Acid, Glutamic Acid, Lysine, and Arginine) as well as Histidine and Asparagine. Note that Histidine can also likely to be charged as the pK a is near physiological conditions. As Asparagine is chemically labile at high temperatures 6 and may spontaneously deaminate to Aspartate, probably all the residues we find less buried in hyperthermostable proteins are charged. Only one that may be considered charged at high temperatures (Glutamine, chemically labile at high temperatures forming Glutamic Acid) is not less buried. This result is consistent with previous studies indicating increased ion pairs and ion pair networks in thermostable proteins. 5,6,9,10,13-15 Recent and Ancient hyperthermophiles, as subsets of the entire hyperthermophile set, yield similar results as the latter [ Figure 9(c,d) , respectively]. Interestingly, though Alanine is more buried in the Ancient class, it is not significant according to the statistical analysis, with a p-value of 0.15. However, four of the above six ''charged'' amino acids are also significantly less buried in the Ancient class. In the Recent class, Alanine is significantly more buried, the difference being even more pronounced than in the combined data. Again, four of the six ''charged'' amino acids are significantly less buried, although it is a different four from the Ancient category. We emphasize that these are significant differences in residue burial that do not show up with just a surface/interior binary data analysis. 5,11
The distribution of burial depth of individual residue types that are significantly more or less buried in hyperthermostable proteins was examined in more detail by comparing the complete probability distribution histogram of burial depths. Results are shown in Figure 10 for . At left, the molecular surface is colored by increasing travel depth from red to green to blue. At right the wireframe representation is colored by increasing burial depth from blue to green to red. Images were generated using a customized PyMOL. 57 just for one especially interesting case, alanine. Alanine was found to be significantly depleted overall in hyperthermostable proteins, while at the same time less exposed. 5 It has been suggested that this relative enrichment of buried alanine is due to the zero side chain entropy cost. 5 Our results also show that alanine is depleted near the surface of hyperthermostable proteins compared to mesostable proteins, and moreover that it is enriched right into the protein core (i.e., at burial depths down 6 Å ).
DISCUSSION
We examined 10 different metrics of protein ''shape,'' using three sets of thermophile-mesophile pairs: Moderate thermophiles, ancient hyperthermophiles and recent hyperthermophiles, 67 pairs of proteins in all. Each thermostable protein was matched to the mesostable homologue of similar size, in order to increase the statistical resolution of the comparisons. For the moderate thermophile-mesophile set none of the metrics were significantly different. For the hyperthermophiles, significant differences in several metrics were found, including packing of surface atoms, surface area, Wadell Sphericity, travel depth and burial depth. Of these, only Wadell Sphericity, travel depth and burial depth were significantly different in both recent and ancient hyperthermostable proteins.
Hyperthermostable proteins on average have a higher Wadell sphericity, have fewer and or less deep pockets on their surface, and their residues are on average more deeply buried than in their mesostable counterparts.
Taken together, these three metrics provide the first quantitative evidence that hyperthermostable proteins are more spherical. The fact that moderate thermostable proteins show no significant differences in overall shape while hyperthermostable proteins do is in line with previous reports that moderate thermophiles and hyperthermophiles have achieved their necessary thermostability by different mechanisms. 5 We cannot rule out the possibility that some other shape metric would reveal differences between moderate thermostable proteins and their mesostable counterparts. However, given the fact that several of the shape metrics do reveal differences for hyperthermostable proteins, we conclude that adaptation to moderately elevated temperatures requires changes at the individual residue level that need produce little change in gross physical aspects of the proteins to achieve the necessary moderate increase in stability.
We consider now in more detail what the individual metrics reveal. Regarding packing efficiency, the most reliable metric is that for buried atoms, and this shows no significant difference between hyperthermostable and mesostable proteins. The similarity in interior packing is consistent with other analyses. 22 It is interesting to note that the observed increase in hydrogen bonding at higher temperatures does not correlate with increased packing in the interior. 7-10 The packing of surface atoms is greater on average in one class, ancient hyperthermostable proteins and the superclass of all hyperthermostable proteins. This is consistent with some evidence that surface residues have more contacts in thermostable proteins than mesostable proteins. 11 However, the conclusion that in one class surface atoms are better packed must be qualified. The definition of packing of surface atoms is not agreed on, and another definition may lead to different results. This ambiguity is illustrated by considering the absolute values of the packing efficiency. Moreover, surface atom packing is confounded by curvature effects in some definitions. In our method, for example, exposed atoms near convex surfaces will have lower packing than exposed atoms near flat or concave surfaces.
Hyperthermostable proteins in all categories (Ancient, Recent, and Combined) have significantly smaller mean travel depth and mean size-scaled travel depth than their mesostable counterparts, indicating fewer and shallower surface pockets. Using the size-scaled travel depth metric, we also find that hyperthermostable proteins have shallower and fewer surface pockets in a larger set of 144 protein pairs. This is one piece of evidence that hyperthermostable proteins are more spherical. The second piece of evidence for increased sphericity is that all hyperthermostable categories have higher mean burial depth than mesostable proteins, indicating that they bury more atoms overall. This agrees with increased hydrogen bonding, 7-10 increased apolar contact area 17 and increased van der Waals contacts. 7,10,22 This increased contact area that manifests across several types of interactions (hydrogen Figure 8 Size-scaled travel depth for the larger hyperthermostable set. Along the x-axis is the cube root of the heavy atom count, along the y-axis is the mean travel depth. Data for the ''291'' set of 144 hyperthermostable proteins and matched mesostable proteins is shown along with trendlines. The mean of the ratios for the hyperthermostable proteins is 0.445 and for mesostable proteins the mean is 0.472, the P-value of this difference is 5.6 3 10 25 .
bonding, apolar, van der Waals) is reflected in the overall increase in burial depth. The third metric related to overall sphericity of the protein is the Wadell Sphericity measure, 53 which is simply a dimensionless ratio of volume to area, scaled so that its upper bound value of 1 indicates a perfect sphere. This measure is significantly increased for all three hyperthermophile categories: recent, ancient, and combined. We note that this ratio is considerably more sensitive than changes in volume or surface area alone. There is no significant difference in volume for any thermostable category, while a significant difference in area is only seen in ancient and combined hyperthermostable proteins.
The significant differences in these three metrics lead to the conclusion that hyperthermostable proteins are more spherical than their mesostable homologues. This difference is consistent across both ancient and recent hyperthermostable proteins, despite the different evolutionary paths those organisms have used to achieve thermostability. 7 While mean travel depth, mean burial depth, and Wadell Sphericity all indicate increased sphericity in hyperthermostable proteins, they are by no means synonymous since they each reveal different, complementary, aspects of protein shape. Each is useful in analyzing shapes as complex as those adopted by proteins since each can distinguish some feature that the other cannot. This is illustrated schematically in Figure 11 , which depicts two idealized structures with identical volume and surface area (and hence Wadell sphericity), but with different mean travel depth and burial depth. The structure with one large pocket has less deeply buried atoms, and greater mean travel depth than the structure with four smaller pockets. In this case, depth measures are more discriminating than Wadell Sphericity. On the other hand, the mean travel depth of any convex shape is zero, while the Wadell Sphericity (and mean burial depth) Figure 9 Residue-specific burial depth in thermostable proteins. The difference in burial depth for the C b atom of each residue type (C a for Glycine), expressed as Thermostable minus the matched mesostable proteins. Significantly more buried residues are shown in black, significantly less buried residues are shown in white, P-values for significant differences are shown above or below each bar. These P-values were corrected for the overall burial depth differences seen between each thermostable-mesostable set. vary depending upon the shape, so the latter two would be more discriminating. Burial depth has the additional bonus of being able to examine changes in specific residues, whereas Wadell Sphericity only measures total changes in volume and surface area. Combining information from these complementary metrics can reveal other aspects of shape. Returning to Figure 11 , we see that at constant Wadell sphericity the structure with a smaller mean travel depth has a more convoluted, one might say, ''rougher'' surface. A straightforward measure of the roughness of the protein surface is not possible, however, when both Wadell sphericity and travel depth are different, as in the hyperthermostable-mesostable comparison. Here, as Figure 7 illustrates, the hyperthermostable protein has a smaller mean travel depth, and increased Wadell sphericity, and visually at least, has a less ''rough'' surface.
The burial depth and travel depth analyses while fast, do require computing and working with a molecular surface and therefore take some significant calculation time. We attempted to come up with a faster measure that would also capture the different in 'spherical property' between mesostable and hyperthermostable proteins. To this end, we calculated the interatomic distances between all pairs of heavy atoms in the proteins and examined the differences in the means. We found no significant differences as shown in Figure 2 and Table I . In retrospect, the failure of the mean interatomic distance to detect differences makes sense as it reflects to a great extent the packing, which is not significantly different. In summary, the failure of interior packing and interatomic distances to differentiate thermostable from mesostable proteins shows that the travel depth and burial depth analyses are necessary to measure the spherical property.
The shapes proteins adopt have profound energetic effects on both charge-solvent and charge-charge interactions, and both travel depth and burial depth report on this. Greater burial depth indicates that more atoms are buried further from solvent. Although many of the deeply buried residues will have apolar side chains, the backbone of each residue is still polar. Burying the backbone partial charges further from solvent lessens their favorable long range electrostatic with the higher dielectric solvent, increasing the desolvation penalty-these charges are less stable. Similarly, a charged group at the bottom of a deep pocket, as measured by travel depth, will on average has less high dielectric solvent near it, and more low dielectric protein than a charge at the bot- Figure 10 Histogram of burial depth of alanine. Normalized frequency histograms of burial depth of the C b atom for alanine for mesostable and all hyperthermostable proteins.
Figure 11
Equal Wadell Sphericity, different travel depth and burial depth example. 2D Schematic indicating two shapes with equal volume and surface area, and hence equal Wadell Sphericity, but different mean travel depths and different mean burial depths. The ''U-shaped'' volume on the left has a greater mean and maximum travel depth than the ''X-shaped'' volume on the right. The ''X'' has a higher mean burial depth, evident simply by observing the center square is not adjacent to the surface whereas all squares in the ''U'' are adjacent. tom of a shallow pocket, even though their solvent accessible surface areas are the same. Charges at the bottom of a deep pocket have a greater desolvation penalty and therefore are less stable. This is a manifestation of electrostatic focusing. 56 Considering now a favorable charge-charge interaction, increased burial depth or increased travel depth will strengthen it, thereby having the opposite effect on the protein's stability. The reason is the same. There is less effective solvent interaction with the deeper charges, so less dielectric screening. Fine tuning and balancing these competing effects is one possible way for stability to be controlled in the transition between mesophile and thermophile, and a reason why travel depth and burial depth show significant differences.
Examination of the burial depth of specific residues (see Figure 9 ) adds another dimension to the previous surface area change analyses, 5,6,9,19,20 which measured changes in solvent accessible surface area. Surface accessibility analysis on the same dataset used here led to the conclusion that Alanine and Proline have less surface nonpolar area exposed in both moderate thermostable and hyperthermostable proteins, and that phenylalanine, methionine, tyrosine and tryptophan have more exposed nonpolar surface area in the higher temperature classes. 5 In contrast, we find here that Alanine is buried significantly more deeply in the hyperthermostable proteins, while there is no appreciable change in the moderate thermostable proteins. Proline is more buried in hyperthermostable proteins, but not significantly more buried after correcting for overall burial, and again, no appreciable change is seen in the moderate thermostable proteins. Our disagreement with the result of the four residues having more exposed nonpolar surface area could be due to two factors: The previous analysis was only of the nonpolar surface area and changes in surface area may not be directly comparable to counting residues at each burial depth. For instance a residue on the surface in our analysis will have the same burial depth no matter the local environment, however a concave region could result in less surface area where a convex region could result in more area.
Our examination of charged versus polar surface area shows that there are indeed differences between the thermostable and mesostable proteins, as first indicated by Cambillau et al. 19 Charged residues are less buried in hyperthermostable proteins and half the polar residues (Serine and Threonine) are more buried, consistent with observed changes in surface area. However, the other polar residues (Asparagine and Glutamine) are significantly less buried, which disagrees with the surface area results. Since surface area changes are analyzed as percentages, difference overall surface areas between hyperthermostable and mesostable proteins does not account for this. These unburied residues, even though they are higher in number, may in fact expose less surface area. Regardless of the disagreement on polar residues, charged residues show large changes consistent across both surface area 19,5 and burial depth analyses.
In the moderate thermostable proteins, shown in Figure 9(a) , the changes are the least pronounced of any of the four categories examined. However, two residues still show up as significantly different: Glutamine is more buried and arginine is less buried, something that could not be detected in previous analysis of nonpolar surface area.
Our residue-specific results can most easily be compared to results that used an interior/exterior definition based on surface area and then counted residues in these classes to see how they differed between thermophiles and mesophiles. 11 In that study, the interior counts showed very little changes, while the exterior showed many changes, though the significances were not analyzed statistically. Lysine, arginine, and glutaminic acid had increased exterior numbers in thermostable proteins, which our analysis would agree with as those residues remain unburied or become less buried in hyperthermostable proteins. Alanine, asparagine, aspartic acid, glutamine, threonine, serine, and histidine all have less exterior residues in thermostable proteins. We agree on alanine's decreased exterior presence (and increased burial), but disagree on the other residues found less frequently on the exterior. This could be due to the differing data sets, use of a full spectrum of burial depths vs. a binary cutoff, or statistical variation.
A possible application for the burial depth preferences in hyperthermostable proteins is thermostable protein design. The amino acid burial preferences could be incorporated into models and design strategies. Additionally, using mesostable protein structures as a starting point, a design pipeline could incorporate the travel depth and burial depth analyses of the spherical property to find structures that bury more atoms and have fewer/smaller pockets. Obviously, a good protein design strategy is required as a starting point as it is not just the spherical property that ensures a protein is highly thermostable. A suggested pipeline would be to find many backbones, 60 repack the native mesostable sidechains and mutations chosen from residue-specific burial depth changes, 61 then evaluate the many possibilities to find proteins that are spherical but preserve the active site or desired function. Then traditional protein design tools, such as, 62 could be used to find further mutations that enhance the stability of the new backbone, and could be modified to include residue burial depth preferences of hyperthermostable proteins. This method is obviously an addition to already existing approaches for thermostable protein design. [63] [64] [65] [66] When interpreting differences between thermostable and mesostable proteins, organism sources should be considered, as temperature is not the only difference between these organisms. In the hyperthermophilic set of 30 structures, 9 organisms are represented. At least one is a piezophile, but many are not, so it is doubtful that we are seeing results from changes due to adaptation to high pressure. However, all these hyperthermophiles are unicellular and many of the mesophile homologues come from multicellular organisms. At this point there is no evidence that this systematic difference is reflected at the level of protein structure, but it is a caveat nevertheless.
Another important caveat of our analysis (indeed of any type of analysis of the PDB database) is the experimental temperature at which the structures were determined. Protein crystal structures are now almost always solved at extremely low temperatures (ca. 130 K). Even older structures or typical NMR structures are solved at room temperature, far from the environmental temperatures of hyperthermophiles. This could have several effects. Obviously at higher temperatures, the configurational entropy of the side chains will be higher and will explore more states. This could have some influence on hyperthermostability, as demonstrated by simulations showing that the charged residues in a hyperthermostable protein are able to interact cooperatively during the conformational fluctuations. 67 Our results that hyperthermostable proteins are more spherical could indicate a preference for finding conformations that have reduced flexibility, since the higher number of interactions will limit the number of states available, consistent with reduced rotameric states in hyperthermostable proteins. 5 These results are also consistent with results showing that mutations that support hyperthermostability are distributed throughout the protein and cause subtle changes in dynamics and distributed changes in stability. 68,69 However, without structures solved at the ambient temperatures for mesophiles and hyperthermophiles, it is difficult to say how our results would be affected. The effect of experimental conditions on structures is a caveat of any research based on PDB structures. 26 Finally, in any discussion of thermostable proteins, it is important to note that the language used throughout almost all the literature (and in this work!) implies that previously mesophilic organisms have adapted to higher temperatures resulting in the hyperthermostable proteins. This is probably not the case 1,2 except in specific cases like T. maritima. 3,25 If the 'hot' origin of life theory is correct, then a common ancestor organism for these proteins was a hyperthermophile, though some organisms (and therefore their proteins) adapted to mesophilic conditions and then re-adapted to hyperthermophilic conditions. 3,25 While this does not affect the observed differences and their statistical significance, this ''meso-centric'' view does shade their evolutionary interpretation. Most mesostable proteins whose temperature dependence of stability has been examined in detail show a maximum in stability not too far from their working temperature with a substantial decrease in stability with increasing temperature above 458C. This tends frame the question in terms of how this stability profile is changed in thermostable proteins to ensure stability at high temperatures. This could be achieved by (a) shifting the maximum of stability to a higher temperature, (b) being more stable at all temperatures, (c) reducing the rate at which stability decreases with temperature (or some combination of these effects). Viewed, however, from the perspective of the thermophile as the precursor, cases (b) and (c) present no problem in adaptation to mesophilic temperatures, since at these lower temperatures the thermostable protein is already stable. In this scenario, there would be no selective pressure, and one would not expect to see pervasive stability related structure changes of the type observed here. In case (a) however, presumably the stability of a thermostable protein at mesophilic temperatures would be low enough so that there would be selective pressure to adapt to lower temperatures, leading to significant stability correlated structure changes. Of course proteins need enough flexibility and dynamics to function, and cases (b) and (c) may result in too much stability at mesophilic temperature for optimal function, in which case again there would be selective pressure. In a recent review of available experimental evidence, hyperthermostable proteins used case (b) most often, often combined with case (a), whereas moderate thermostable proteins used case (b) often combined with case (c), however there is still not a lot of data available. 70 Considerably more data on the temperature stability profiles of matched mesostable-thermostable pairs is needed to distinguish these cases.
CONCLUSIONS
Protein structures from homologous mesophiles and hyperthermophiles have diverged due to evolution. Regardless of the age of the adaptation to hyperthermophilic conditions, the proteins adopt a more spherical structure, namely they have greater burial depth, lesser travel depth, and higher Wadell sphericity than their mesostable counterparts. The interiors of these hyperthermostable proteins are not more tightly packed, probably because mesostable proteins are already packed to near crystalline tightness. Rather these proteins have residue side-chain replacements and structural rearrangements that produce more spherical proteins. These changes are not detectable by other properties like mean interatomic distance or convex hull volume. The new metrics of travel depth and burial depth analyses are necessary to quantify the spherical property and complement Wadell Sphericity. All three metrics are applied here to proteins for the first time. In contrast to hyperthermostable proteins, moderate thermostable proteins do not show any significant differences in sphericity metric from their mesostable homologues. Moderate thermostable proteins adaptations to stability clearly do not drive them to more spherical structures. In this way, our results support the hypothesis that moderate thermophiles and hyperthermophiles achieve the enhanced stability of their proteins by different mechanisms.
Additionally, by adding a new dimension to specific residue analysis, distance of burial instead of the binary buried/exposed metric, key observations about hyperthermostable proteins can be made, specifically that charged residues stay unburied, alanine is considerably more buried and the rest of the amino acids become slightly more buried.
